Epidemic Vibrio cholerae contain a large essential virulence gene cluster called the Vibrio pathogenicity island (VPI). We recently reported that no in vitro difference in virulence was found in El Tor strain N16961 containing a mutation in the VPI-encoded mop gene but this mutant was hypervirulent and reactogenic in rabbit ileal loops. In this paper, we report in vitro studies showing that independent Mop mutants of strain 3083 are significantly attenuated (V40-fold) in cholera toxin (CT) production and have significantly increased motility and biofilm forming ability but appear to be unaffected in TcpA, hemagglutinin protease and hemolysin compared to their parent. The 3083 Mop mutant showed a 100-fold decrease in its in vivo intestinal colonization ability in the infant mouse competition assays. While reverse transcription polymerase chain reaction and phenotypic studies of a mop plasmid in both mutant and wild-type backgrounds suggest Mop is expressed by the plasmid, the differences in CT and biofilm formation could not be restored in any of the mutants. The inability to complement the Mop mutants in trans may be due either to the selection of secondary mutations or to mop possibly being part of an operon. Our findings that Mop is associated with CT, motility, biofilm formation and intestinal colonization support a hypothesis in which Mop has a pleiotropic role in the pathogenesis and persistence of epidemic V. cholerae.
Introduction
Vibrio cholerae causes the severe life-threatening diarrheal disease cholera [1, 2] . Cholera a¡ects more than 75 countries and every continent (Communicable Disease Surveillance and Response, World Health Organization, www.who.org). According to the World Health Organization, an estimated 120 000 deaths from cholera occur globally every year [3] and cholera continues to be a scourge throughout much of the world with seven global pandemics recorded since 1817 [1] . The threat to the environment and human health is also highlighted by the ¢nding that V. cholerae has the potential to be transported internationally and invade new regions through the ballast water of ships [4] . Due to its high transmissibility, potential threat to water supplies and ability to occur in explosive epidemic form, V. cholerae is a public health concern.
We have previously proposed that epidemic V. cholerae strains appear to be derived from environmental nontoxigenic strains by the acquisition of virulence factors [5, 6] . Epidemic V. cholerae strains express cholera toxin (CT) which is the primary toxin ultimately responsible for the severe watery diarrhea that is characteristic of the disease [7] . The genes encoding CT and other proteins with potential enterotoxin activity are contained on the CTX element and carried by a lysogenic bacteriophage [8^11] . Epidemic strains also possess the Vibrio pathogenicity island (VPI) that is typically absent from nonpathogenic strains [12, 13] . We have proposed the VPI is one of the initial genetic factors required for the emergence and pathogenesis of epidemic V. cholerae [13] . The VPI is large in size (41.2 kb) and has been fully sequenced in a sixth and seventh pandemic strain [14] . The sequence di¡erences between the VPI genes of di¡erent strains suggest the VPI is mosaic in nature with various segments of the VPI exhib-iting variation resulting from recombination events [14, 15] . Studies showing that the VPI can be found in Vibrio mimicus isolates suggest that it can be horizontally transferred between V. cholerae and V. mimicus [16] . The ¢nding that the VPI is £anked by phage-like attachment sites, contains a phage-like integrase and can excise from the chromosome [12^14,17] , and the report that the VPI can be transferred by generalized transduction [18] are consistent with the VPI being able to undergo horizontal transfer.
The VPI encodes 29 potential proteins including those involved in the synthesis of the toxin-coregulated pilus (TCP) [19] , accessory colonization factors [20] and virulence gene regulators ToxT [21^24] and TcpPH [25^27]. The pathogenesis of V. cholerae, however, is still not fully understood and although the VPI is an essential virulence factor in epidemic V. cholerae, there are several VPI genes whose function and regulation is not known or poorly understood. We are interested in the molecular factors and mechanisms involved in the emergence and pathogenesis of epidemic V. cholerae and are studying the role of the VPI and its genes. Mop (formerly Orf4) is encoded by the VPI and has no homology to any protein in the database but contains a zinc metalloprotease motif suggesting it might be a zinc metalloprotease [28] . Zinc metalloproteases are often involved in the virulence of pathogenic bacteria [29^33] . In a recent study of the mop gene in seventh pandemic El Tor strain N16961, we reported that no obvious di¡erence in the in vitro virulence factor expression was found compared to its parent [28] . However, the N16961 Mop mutant was hypervirulent and reactogenic in rabbit ileal loops [28] . In this paper, we report in vitro studies using a di¡erent El Tor strain (3083) and show that a 3083 Mop mutant is a¡ected in CT production, motility, bio¢lm formation and intestinal colonization.
Materials and methods

Construction of 3083 Mop mutants and complemented strains
V. cholerae strain 3083 is a 7th pandemic strain (El Tor biotype, Ogawa) originally isolated in Vietnam [34] and was obtained directly from Richard Finkelstein. In order to ¢rst determine whether there were sequence di¡erences in mop of 3083 compared to N16961, we ampli¢ed mop from the chromosome of 3083 on a 1.15-kb polymerase chain reaction (PCR) product using primers KAR453 (5P-CCCGAGCTCTTAGCTAATACACAAGGTCG-3P) and KAR455 (5P-CCCCCCGGGACACTACTTTAGTGTCA-CCG-3P) which contain SacI and SmaI linker sites, respectively. The PCR fragment was digested with SacI and SmaI, puri¢ed by Geneclean (Bio 101) and ligated into similarly digested pWSK29 [35] , creating pDK102. The mop fragment in pDK102 was sequenced and shown to be identical to the sequence in strain N16961. Based on this ¢nding, the previously constructed plasmid pDK46 [28] , containing a 3.4-kb mop: :aphA-3 fragment in the suicide vector pCVD442 [36] was introduced into Escherichia coli S17Vpir and used for allelic exchange in order to mutate the chromosomal VPI-encoded mop in 3083. Independent 3083 Mop mutants resulting from two independent allelic exchange reactions were isolated and designated DK415 and DK593-3, respectively. For simplicity, the Mop mutant described in this paper will be DK593-1. The 3083 Mop mutants were con¢rmed by PCR analysis (Fig. 1B) and by sequencing a chromosomal PCR product from each mutant which showed that the aphA-3 gene encoding kanamycin (Km) resistance was inserted in frame and did not appear to be polar for the downstream tagD gene (Fig. 1) . We also obtained mop together with the downstream tagD gene on a 1.9-kb 3083 mop-tagD PCR product using primers KAR453 (5P-CCCGAGCTCTT-AGCTAATACACAAGGTCG-3P) and KAR454 (5P-C-CCCCCGGGTCATAAATTAGGCTAGTGCC-3P) which was digested with SacI and SmaI and cloned into pWSK29, creating pDK101. Sequencing showed that the tagD gene in strain 3083, like the mop sequence, was identical to N16961. The mop plasmid pDK102 and mop-tagD plasmid pDK101 were transferred into the Mop mutants for complementation studies.
In order to determine whether a Mop mutation a¡ects growth rate, 3083 (wild-type), DK593-1 (Mop mutant), DK450 (strain DK593-1 containing pWSK29 vector control) and DK452 (DK593-1 with pDK102) were inoculated into 15 ml Luria^Bertani broth (LB, Difco) and incubated at 37 ‡C with shaking (250 rpm) overnight. Following incubation, the cultures were adjusted to OD 600 = 1.0 and 50 Wl was inoculated into 15 ml LB broth and incubated with shaking. The cfu ml 31 was determined for each strain after 2, 4, 8, 10 and 15 h incubation by plating out serial dilutions. We found no di¡erence in growth rate between the strains.
Assay for CT production
To study CT production, a fresh colony of each strain was inoculated into 15-ml tubes with 4 ml AKI broth [37, 38] composed of 1.5% Bacto peptone, 0.4% yeast extract, 0.086 M NaCl and adjusted to pH 8.0 by 1 M NaHCO 3 just prior to use. For Mop mutants, kanamycin (50 Wg ml 31 ) was added and for strains containing plasmids, ampicillin (200 Wg ml 31 ) was included in the culture medium. The cultures were incubated overnight with shaking at 200 rpm at 30 ‡C. The following day, 100 Wl was inoculated into a 15-ml tube containing 10 ml AKI broth (and antibiotics where appropriate) and then incubated statically at 30 ‡C until OD 600 = 0.3^0.4 (approx. 3 h). The culture was then transferred into a 250-ml £ask and incubated with shaking at 30 ‡C and 250 rpm for 18 h and the following day 3.6 ml was removed and centrifuged at 8000 rpm for 5 min. Supernatant was removed, the pellet was washed twice with phosphate-bu¡ered saline (PBS) and 150 Wl PBS containing protease inhibitor (Roche cat. no. 1697498; 1 tablet of protease inhibitor cocktail in 10 ml PBS) was added to the pellet and sonicated at 8 W for 15 s, then centrifuged at 13 000 rpm at room temperature to collect whole cell lysates. Cell-free culture supernatants and whole cell lysates were then tested for CT by GM-1 enzyme-linked immunosorbent assay. Brie£y, Immulon 2HB ('U' bottom) microtiter plates (Fisher) were coated with GM1 ganglioside (100 Wl per well at 1 Wg ml 31 in PBS) and incubated overnight at 4 ‡C. Plates were washed three times with PBS, 200 Wl per well of 5% inactive fetal calf serum/PBS was added and incubated for 1 h at 37 ‡C and washed with PBS/ 0.05% Tween 20. Serial dilutions of CT (Sigma) were included to establish a standard curve while PBS served as a negative control. Plates were incubated for 2 h at 37 ‡C, washed with PBS/0.05% Tween 20 and 100 Wl per well of rabbit anti-CT antiserum (diluted 1:3200 in PBS/Tween 20 with 1% fetal calf serum) was added and plates incubated for 1 h at 37 ‡C. Plates were then washed with PBS/Tween 20 and 100 Wl of goat anti-rabbit IgG alkaline phosphatase conjugate (Kirkegaard and Perry Laboratories) diluted 1:5000 in PBS with 1% fetal calf serum was added to each well and incubated for 1 h at 37 ‡C. Plates were then washed with PBS/Tween 20 and 100 Wl of Sigma Fast p-nitrophenyl phosphate substrate tablet diluted in sterile MilliQ water was added to each well and incubated for 45 min at 37 ‡C. The reaction was stopped by adding 50 Wl of 3 N NaOH and the OD 405 determined on a plate reader (Spectra MAX250). Results were based on three independent samples for each strain (prepared on three di¡erent days) which were then tested six times. Data were analyzed using a one-way analysis of variance (AN-OVA) or t-test.
Assay for TCP and HAP expression
Strains were grown under the same conditions used for the analysis of CT production and whole cell lysates were tested for TcpA using Western blot [39] . Cell pellets dissolved in PBS and each containing an equal amount of protein (14 Wg) were boiled at 100 ‡C for 4 min and run on 12% sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) pre-cast Tris^HCl gels (Bio-Rad). The proteins were then transferred onto 0.45-Wm nitrocellulose membranes using a semi-dry transfer apparatus (Bio-Rad) and reacted with rabbit anti-TcpA peptide serum at 1:5000 dilution (kindly provided by Ron Taylor) and goat anti-rabbit whole molecular IgG at 1:80 000 dilution (Sigma). Following reaction with chemiluminescent substrate using the Supersignal west pico kit (Pierce) the membranes were exposed to X-ray ¢lm and developed. Results were based on at least three independent experiments for each strain.
For hemagglutinin protease (HAP) expression, a single colony of each strain was inoculated into 20 ml TSB broth (with appropriate antibiotics where needed) and incubated at 30 ‡C for 24 h at 200 rpm. Cell-free supernatants were collected by centrifugation (8000 rpm, 5 min), ¢ltered through a 0.22-Wm ¢lter (Millipore) and boiled at 100 ‡C for 4 min. Equal amounts of protein (90 Wg) were run on SDS^PAGE gels and reacted with rabbit anti-HAP serum (provided by Richard Finkelstein) and goat anti-rabbit whole molecular IgG (Sigma) at dilutions of 1:3000 and 40 000, respectively. The results were based on at least three independent experiments for each strain.
Motility assay
A single colony of the V. cholerae strains to be tested was inoculated into 3 ml LB broth with appropriate antibiotics and incubated at 37 ‡C overnight at 180 rpm. The cell density of the cultures was adjusted to the same OD 600 and 1 Wl of this culture was stabbed into motility plates containing 0.35% LB agar and incubated at 37 ‡C for 20 h. Following incubation the diameter of each zone was measured. Results were based on four independent reactions for each strain.
Bio¢lm formation assay
Bio¢lm formation was determined using 96-well polystyrene microtiter plates (Costar) as surfaces for bacterial attachment. A fresh colony of the strain to be tested was inoculated in 3 ml LB broth at 37 ‡C overnight at 250 rpm. The following day, 2 Wl was transferred into wells of a microtiter plate each containing 100 Wl LB broth and appropriate antibiotic where necessary. Plates were incubated statically for 24 h at 25 ‡C and the OD 600 measured. The cultures were discarded from each well and following three washes with 200 Wl PBS bu¡er, 120 Wl of 0.1% crystal violet was added into each well and the plates incubated at 25 ‡C for 30 min. The plates were rinsed four times with 200 Wl PBS, the excess liquid dried using a paper towel ; 120 Wl of dimethylsulfoxide was added to dissolve the attached crystal violet and the OD 570 determined. The results were based on four independent experiments for each strain tested.
Intestinal colonization assay
The ability to colonize the intestine was investigated by co-inoculating the wild-type strain 3083 with the Mop mutant DK593-1 into 5-day-old CD-1 suckling infant mice. Wild-type strain 3083 and mop mutant strain DK593-1 were grown to stationary phase at 37 ‡C in LB broth containing 50 U ml 31 polymyxin B and 50 Wg ml 31 kanamycin, respectively. Following this incubation, 3 Wl from each culture was transferred to a test tube containing 3 ml fresh LB broth and 50 Wl of this 1:1 mixture (representing V10 5 cfu ml 31 ) was used to inoculate 5-day-old CD-1 suckling mice (n = 6) intragastrically and the infection allowed to proceed for 24 h. Following incubation, the mice were sacri¢ced, and their intestinal contents removed, homogenized and plated. The ratio of wild-type to mutant strains was determined by plating serial dilutions on 50 U ml 31 polymyxin and 50 Wg ml 31 kanamycin plates and incubating at 37 ‡C overnight. The in vivo competition assay was accompanied by an in vitro competition assay in which the 3 ml (1:1) mixture was incubated at 37 ‡C shaking at 250 rpm for 24 h. The colony counts on the kanamycin plates (mop mutant only) were subtracted from the counts on polymyxin plates (total counts of wild-type and mutant) in order to obtain the counts of the wild-type strain.
RT-PCR analysis of Mop expression
Single colonies of DK450 (mop: :Km mutant with pWSK29) and DK452 (mop: :Km mutant with pDK102) were inoculated into 2 ml LB broth containing ampicillin (200 Wg ml 31 ) and incubated overnight at 37 ‡C with 200 rpm shaking. The following day, 5 Wl of this culture was added into 3 ml LB broth and incubated for 4 h at 37 ‡C with shaking until the OD 600 = 0.8. From these cultures, 500 Wl was removed, centrifuged at 8000 rpm for 2 min at room temperature and the pellet then lysed with 100 Wl of lysozyme (400 Wg ml 31 ) for 5 min at room temperature before RNA isolation using the RNeasy Mini Kit (Qiagen) in which the column was eluted twice with 30 Wl RNasefree water. Following the determination of RNA concentrations for DK450 (0.28 Wg Wl 31 ) and DK452 (0.33 Wg Wl 31 ), reverse transcription (RT) PCR for Mop expression was performed using Superscript II RNase H Reverse Transcriptase (Invitrogen) using primers KAR208 (5P-G-GGGATCCATGAGAAAATCGATATTGATTAGC-3P) and KAR209 (5P-GGGAGCTCTTACTTATAACCCT-GATTTTG-3P).
Results and discussion
3083 Mop mutants are defective in CT production
Since V. cholerae 3083 is very e⁄cient in expressing and secreting high levels of protein [40] , we hypothesized that a 3083 Mop mutant might exhibit a di¡erent virulence phenotype in secreted proteins compared to the prototype laboratory strain N16961. Our results showed a signi¢cant 40-fold reduction in CT production in the supernatants of the 3083 Mop mutant DK593-1 compared to its parent 3083 (P 6 0.001; ANOVA) ( Fig. 2A) . Interestingly, analysis of whole cells also showed that CT is signi¢cantly reduced in the 3083 Mop mutant (V10-fold di¡erence ; P 6 0.01; ANOVA) (Fig. 2B) . This suggests that the defect is not simply due to a secretion defect but that transcription of CT might be a¡ected in the Mop mutant. We observed similar attenuation in CT production in other independent Mop mutants of 3083 (data not shown). However, the defect in CT production in the Mop mutants could not be restored to wild-type levels by the introduction of pDK102 containing mop in DK452 ( Fig. 2A,B) . To test whether the Mop mutation was polar and a¡ected the transcription of the downstream tagD gene, plasmid pDK101, containing a mop-tagD fragment, also failed to restore CT production in the Mop mutants (data not shown). To rule out the possibility that the mop: :aphA-3 mutation resulted in a toxic protein, we compared CT production in 3083(pWSK29) and 3083(pWSK29 : :mop : :aphA-3). As expected, we found no obvious di¡erence in CT production between wild-type 3083 containing the vector alone or vector with a mop: :aphA-3 fragment (data not shown). These ¢ndings and similar observations with independent Mop mutants suggest it is unlikely that the defect in CT production is due to an identical random mutation in these independent Mop mutants. Furthermore, the signi¢cant decrease in CT production in the Mop mutants ( Fig. 2A,B) and our ¢nding of an increase in CT production in wild-type 3083 containing pDK102 compared to pWSK29 alone (data not shown) suggest that Mop has a role in CT production.
Mop appears to have no role in TcpA, HAP and hemolysin production
Since Mop appeared to a¡ect CT production in several independent 3083 Mop mutants, we then studied TcpA production in the 3083 Mop mutant. Consistent with our previous ¢ndings in N16961 [28] , using anti-TcpA peptide antisera, no obvious di¡erence in the intensity of V20-kDa band presumably representing TcpA was found between wild-type 3083 and the Mop mutants (data not shown). These results suggest that Mop has no role in TcpA production in epidemic V. cholerae.
The V. cholerae HAP is a soluble zinc-dependent metalloprotease and has been shown to have 'mucinase-detachase' activity [40, 41] and can nick and activate CT [42] . We tested whether Mop was involved in HAP production in 3083 and found no obvious di¡erence between 3083 and the Mop mutants (data not shown). In addition, we found no obvious di¡erence in hemolytic activity on sheep blood agar plates incubated at 37 ‡C for 24 h between 3083 and DK593-1 (data not shown). These results suggest that Mop has no role in HAP or hemolysin production and these mutants do not have a general secretion defect.
Mop mutants are a¡ected in motility
Motility has been shown to be important in the virulence of V. cholerae [43^45] as it promotes V. cholerae association with the intestinal mucosa and e⁄cient delivery of toxin [43] . Hypermotile V. cholerae strains have also been reported which show di¡erences in virulence factor expression suggesting motility is linked to virulence factor expression [46] . We speculated that Mop might have a role in motility and found that the 3083 Mop mutants were hypermotile showing an approximately 34% increase in motility compared to 3083 (P 6 0.001; ANOVA) (Fig.  3A) . The e¡ect on motility appeared to be restored in strain DK452 containing mop on pDK102 (P s 0.05) (Fig. 3) . In addition, 3083 containing pDK102 showed reduced motility compared to pWSK29 alone (Fig. 3B) suggesting that Mop is being expressed by pDK102 and has a role in motility via a mechanism that is not yet understood. Thus, the increase in motility in the Mop mutant and decrease in motility in 3083 containing pDK102 indicate that Mop has a role in the motility of epidemic V. cholerae.
Mop mutants show increased bio¢lm formation
Since motility has been shown to be important for V. cholerae bio¢lm formation [47] , we then hypothesized that Mop has a role in V. cholerae bio¢lm formation. A greater than two-fold increase in bio¢lm formation was seen in Fig. 3 . Motility assay of V. cholerae. A: Motility of 3083 (wild-type), DK593-1 (mop mutant) and DK452 (complemented mutant). B: Strain DK471 (3083 containing mop plasmid pDK102) showed reduced motility compared to strain DK472 (3083 containing pWSK29 alone). Results were based on four independent experiments for each strain. Means were analyzed by one-way ANOVA. DK593-1 (and other Mop mutants) compared to 3083 (P 6 0.05; ANOVA) but could not be restored by introducing the mop plasmid pDK102 (Fig. 4) or by the moptagD plasmid, pDK101 (data not shown). The signi¢cant increase in bio¢lm formation in the Mop mutant and a decrease in 3083 containing pDK102 (data not shown) suggest that Mop negatively a¡ects bio¢lm formation in V. cholerae 3083.
Infant mouse intestinal colonization assay
Our observation that 3083 Mop mutants showed a greater than two-fold increase in bio¢lm ability compared to the parent prompted us to examine the level of intestinal colonization. To address this, we used the infant mouse model of cholera infection. Although there was no di¡erence in the number of input cells inoculated into the mice con¢rmed by plating (10 5 cells), the Mop mutant was consistently attenuated in its ability to colonize the infant mouse intestine compared to its parent (Fig. 5) showing an in vivo competition index of 0.011. The competitive index is calculated by dividing the mutant output number by the wild-type output number. Strains with an equivalent ability to colonize are expected to have a competition index of approximately 1.0. We found no di¡er-ence in the cell counts between the wild-type and mutant when the strains were co-incubated in vitro (1U10 8 cfu ml 31 ). Thus, the 3083 Mop mutant was 100-fold attenuated in colonizing the infant mouse intestine compared to its wild-type parent.
RT-PCR analysis shows Mop is expressed by pDK102 in Mop mutants
In order to determine whether the inability to restore CT, motility and bio¢lm formation in the mutant to wildtype levels was due to a defect in Mop expression from the plasmid, we studied Mop expression from pDK102 using RT-PCR analysis. The results in Fig. 6 showing the absence of a DNA band that would correspond to the mop : :aphA-3 fragment in either the Mop mutant containing pWSK29 (strain DK450) and the complemented strain containing pDK102 (strain DK452) suggest that there is minimal DNA contamination and the presence of the strong band in DK452 shows that Mop is being expressed from pDK102.
Conclusion
While many virulence factors of V. cholerae strains are known, mostly encoded on the VPI and CTX element, the pathogenesis of epidemic V. cholerae is not fully understood. As strains deleted in known toxin and toxin-like genes are still reactogenic in human volunteers and cause mild diarrhea, vomiting, abdominal cramps and fever, this suggests that there are as yet unknown factors and mechanisms involved in virulence [48] . Furthermore, in order to develop a safe and e¡ective vaccine against V. cholerae infection it is important to know what factors are involved in pathogenesis. We have previously proposed that epidemic V. cholerae appear to be derived from nontoxigenic environmental strains by the acquisition of virulence factors [5, 6] . Since the VPI is found in all epidemic strains [13] and appears to be essential for epidemic potential, we are studying the VPI and its genes for roles in the emergence and pathogenesis of epidemic V. cholerae. Computer analysis of Mop predicts it to be a 34-kDa periplasmic protein with a single transmembrane domain and containing a speci¢c motif (HEFGHT) that is characteristic of zinc metalloproteases [28, 29] . Based on these ¢ndings, Mop may be predicted to encode a zinc metalloprotease [28] . Comparison of 6th and 7th pandemic strains shows that compared to other VPI genes, mop has a relatively higher level of variation (2.3% di¡erence in nucleotide sequence) which might re£ect functional differences in Mop expression between strains and that Mop might be under some selective pressure. For instance, while an N16961 Mop mutant is hypervirulent in the rabbit ileal loop model and we found no obvious di¡erence in virulence factor expression in vitro [28] , studies of a 3083 Mop mutant in vitro suggest it is signi¢cantly attenuated for CT production compared to its parent. The importance of motility in V. cholerae virulence is known, however, the role of V. cholerae bio¢lm formation in human disease and the aquatic environment is not well understood. The ¢ndings that Mop appears to a¡ect motility and bio¢lm formation and that the 3083 Mop mutant is attenuated in intestinal colonization suggest that Mop might promote the virulence and persistence of epidemic V. cholerae in particular niches, either in the gut or in the aquatic environment.
The strain used in this study, 3083, was isolated directly from a patient and stored with minimal subculture (Finkelstein, personal communication). Our ¢ndings also suggest that CT and TcpA production are not coordinately regulated in a 3083 Mop mutant since we found no di¡er-ence in TcpA production in the mutant. The pleiotropic e¡ects on virulence factor expression seen in independent Mop mutants do not appear to be due to a global secretion defect and do not appear to be easily explained by a simple defect in a common secretory apparatus. Additionally, the results do not appear to be explainable by a polar e¡ect on the transcription of the downstream tagD gene since a plasmid containing a mop-tagD fragment also failed to restore wild-type phenotype levels in the Mop mutants. One possibility is that a Mop mutation creates a selection pressure for a secondary mutation in a (regulatory) gene that might then stabilize the Mop phenotype. Based on our results, this identical mutation would have to occur in independent mutants. Alternatively, Mop might be part of a previously unrecognized component of a complex virulence regulatory cascade, possibly an operon, in epidemic V. cholerae. Our data also highlight the importance of the VPI and its genes in regulating virulence. We are performing additional studies to better characterize Mop and its role in the pathogenesis of cholera.
